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Abstract
The presence of dark matter has been ascertained through a wealth of astrophysical and cosmo-
logical phenomena and its nature is a central puzzle in modern science. Elementary particles stand
as the most compelling explanation. They have been intensively searched for at underground labo-
ratories looking for an energy recoil signal and at telescopes sifting for excess events in gamma-ray
or cosmic-ray observations. In this work, we investigate a detection method based on spectroscopy
measurements of neutron stars. We outline the luminosity and age of neutrons stars whose dark
matter scattering off neutrons can heat neutron stars up to a measurable level. We show that in
this case neutron star spectroscopy could constitute the best probe for dark matter particles over
a wide masses and interactions strength.
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INTRODUCTION
We have collected several solid evidence for the presence of dark matter in our universe
stemming from completely different datasets. What is it? How does it binds galaxies
together? How was it produced? We do not know. The dark matter paradigm lies at
the interface of particle physics, astrophysics and cosmology and its fundamental nature is
one of the foremost problems in science. Its interpretation in terms of elementary particles
is compelling [1]. That said, a wealth of searches have been conducted for signs of dark
matter particles via their scattering off nuclei at underground laboratories [2], production
at colliders [3] as well as in astrophysical probes for gamma-ray and cosmic-ray emissions
[4]. These methods are within the three-fold dark matter searches namely, direct, indirect
and collider. Nevertheless, no conclusive signal has been observed thus far, and that gave
rise to several studies that revisited our common assumptions concerning the production
mechanisms of dark matter and detection methods [5, 6]. In this work, we investigate
what could be arguably seen as a new detection method, where the dark matter observable
is the scattering cross section similarly to direct detection experiments, but the probe is
astrophysical as occurs in indirect detection searches. In order words, it is hybrid dark
matter search.
Dark matter particles interact around once per year with detectors on Earth which makes
their search rather challenging. However, extreme compact objects, such as neutron stars,
arise as good targets to probe dark matter properties due to their high mass density, which
are unattainable at Earth laboratories. [7–15]. The interactions between dark matter par-
ticles and neutrons can potentially increase the neutron star temperature [16, 17]. Thus, it
is conceivable that neutron star observations can be used as a medium to infer dark matter
properties and consequently probe the nature of dark matter [17–23].
The locations of nearby neutron stars can be determined by detecting their radio pulses.
The distances are estimated from pulsar dispersion measurements, estimated distances to
the related supernova remnants, or observations of interstellar absorption to other stars
in proximity. In three cases, parallax estimates are available [24]. Based on the current
population of neutron stars and the heat caused by dark matter-neutron interactions we
have drawn in the luminosity vs age plane, the region which dark matter particles could
be detected using neutron star spectroscopy. For concreteness we show for the cases where
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dark matter particles interact via scalar and pseudoscalar particles that neutron stars are
great laboratories to probe the nature of dark matter (see Fig.(1) for an illustrative drawing
of the process).
RESULTS
Our reasoning relies on the simple conversion of recoil energy to thermal energy [16, 17].
To do so, we have to compute the energy transferred to a neutron inside a neutron star in
the dark matter-nucleon scattering process in a relativist setting. This energy corresponds
to the same recoil energy inferred in direct detection experiments on Earth but taking into
account relativistic effects. For this reason, neutron stars indeed constitute an orthogonal
search for dark matter. In simple terms, for a typical neutron star of mass M? = 10M
and radius R = 10 Km, the escape velocity (velocity in the surface of the neutron star) is
around vesc =
GM?
R
∼ 0.1c, whereas the escape velocity of dark matter in our halo is around
vχ ∼ 10−3c, thus non-relativistic. Conversely, the detection of dark matter via neutron stars
requires relativistic corrections. The details of the kinematic relations will be explained later
on. The recoil energy in the relativistic case reads,
∆E =
γ2m2χ(v
2
χ + v
2
esc)(1− cosθ∗)
m2χ +m
2
n + 2γmχmn
En, (1)
where mχ, mn are the dark matter and neutron masses respectively, cosθ and En the
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scattering angle and the total energy of the neutron, which in the neutron rest frame is En =
mn. The final temperature acquired by the neutron star depends on the interaction rate,
which is characterized by the maximum impact parameter bmax =
(
2GMR
v2χ
)1/2 (
1− 2GM
R
)1/2
,
for which the dark matter in the halo intersects a neutron star [25]. The flux of dark matter
passing through the neutron star is then,
m˙ = pib2vχρχ, (2)
where ρχ is the dark matter density in the halo. The rate at which the kinetic energy is
deposited is given by,
E˙ =
ERχ m˙
mχ
f. (3)
In equation (3), f is the capture efficiency. It depends on the relation between dark
matter-nucleon scattering cross section σχn and a saturation cross section, σS, above which
all the transient dark matter is captured so that,
f = min(σχn/σS, 1). (4)
In order words, the dark matter particle will be captured if the deposited energy exceeds
its initial kinetic energy in the halo far away from the neutron star. The saturation cross-
section depends on the neutron star geometric cross section σ0 = pi(mn/M?)R
2, which varies
according to the dark matter mass as follows,
σS =

GeV
mχ
σ0 if mχ < GeV,
σ0 if GeV ≤ mχ ≤ 106 GeV,
mχ
106 GeV
σ0 if mχ > 10
6 GeV.
(5)
1. σS for mχ<GeV, the typical momentum transfer
√
2mn∆E is smaller than the neutron
star Fermi momentum pF ' 0.45 GeV [ρNS/(4× 1038 GeV cm−3)]. As the neutrons
star is an extreme compact object composed of highly degenerate neutrons, protons
and electrons the dark matter - nucleon cross section is affected by the Pauli exclusion
principle reducing the number of nucleons accessible to scatter off with dark matter
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by a factor of δp
pF
with δp ∼ √∆E ∼ γmχvesc the transferred momenta. This implies
that σS ∝ m−1χ .
2. σS for GeV≤mχ≤106 GeV, one single scattering with depletes all the kinetic energy
∆E in the halo and gravitationally binds the dark matter particle to the neutron star.
Therefore, σS = σ0.
3. σS for mχ > 10
6 GeV, the kinetic energy in the halo exceeds the recoil energy given to
the neutron, requiring multiple scatters to capture the dark matter. The saturation
cross section is proportional to the number of scatters, σS ∝ mχ.
As aforementioned, relativistic effects should be incorporated. They will affect the appar-
ent (redshifted) temperature of the neutron star observed on Earth [26], commonly known
as the effective temperature of a neutron star, T?. After the thermalization, which takes
less than a year, the neutron star’s temperature can be described by a black-body spec-
trum being the thermal photon luminosity in the local reference frame of the star given by
L? = 4piσBR2T 4? . The apparent effective temperature TNS and luminosity LNS as detected
by a distant observer, are
TNS = T?
√
1− 2GM?
R
, (6)
where
L? = E˙ =
ERχ m˙
mχ
f = 4piσBR
2T 4? , (7)
which implies into an apparent temperature of,
TNS =
[
(γR − 1)b2maxvχρχ
σBR2
]1/4(
1− 2GM?
R
) 1
2
f 1/4. (8)
In equation (8), γR is the gamma-factor corrected by the gravitational effects as γR =
γ∞ + GM
R
with γ∞ = (1 − vχ)−1/2. Setting the dark matter local density to be ρχ = 0.42
GeVcm−3, for a typical neutron star (radius and mass) that captures the entire flux of dark
matter passing by we get,
TNS ∼ 1750f 1/4[K]. (9)
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As the velocity of the dark matter on the surface of the neutron star is large, the trans-
ferred momentum is much larger than the one expected on earth. The use of non-relativistic
effective operators to describe the dark matter-nucleon scattering is not advised at this point.
For this reason, we used simplified models where the momentum and mass of the particle
that mediates the interaction between dark matter and quarks is resolved. For concreteness,
we consider two different models: (i) scalar mediator; (ii) pseudoscalar mediator. We assume
that the dark matter particle is a dirac fermion that interacts with quarks at equal strength,
g, either via a scalar or pseudoscalar particle. These possibilities give rise to three possible
lagrangians and results that we will discuss in the next section. In a nutshell, the idea of
probing dark matter via neutron stars is summarized as follows:
• (i) The thermal emission of neutron stars have not been directly measured thus far
(apart from a dozen cases [27]). Their (non-thermal) luminosity can be inferred from
X-ray flux when distance is known (bolometric luminosity), estimated from breakage
or through models;
• (ii) Future telescopes with sensitivity to infrared radiation with wavelength of λ ∼ 3µm
may eventually directly measure neutron star’s temperature down to 1000 K.;
• (iii) Dark matter models can heat up neutron stars up to ∼ 1750 K.;
• (iv) By comparing the theoretical prediction and future measurements of neutron star
temperature one can probe the presence of dark matter interactions, and consequently
its nature.
DISCUSSION
In order to grasp the real importance of neutron star observations to dark matter we
plotted in FIG. 1 the dark matter-neutron scattering cross section as a function of the
dark matter mass for three simplified dark matter models that encompasses dark matter
interactions with quarks via either scalar or pseudoscalar mediators. We will start our rea-
soning with model which neutron stars are less sensitive to highlight its impressive relevance.
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FIG. 1. Dark matter-neutron cross-section σχn as function of the dark matter mass for several
values of the scalar and pseudo-scalar mediators. The solid lines correspond to different scenarios
while pointed lines correspond to upper limits on σχn imposed by PANDA, LUX and XENON
experimental collaborations. The solid blue line σsat corresponds to the saturation cross-section for
which all the dark matter particles passing thorough the neutron star are captured then providing
the maximum heating.
The black dotted lines represent the most stringent current limits and projected sensitiv-
ities from direct detection experiments on the dark matter-nucleon scattering, which can be
spin-independent or spin-dependent. We also exhibited the neutrino floor for a XENON tar-
get with a dashed black line. The thick black solid line delimits the saturation cross section
which yields the maximum heating. The color lines account for the dark matter-neutron
scattering for different values of the mediator mass that ranges from 20 GeV to 5000 GeV.
We emphasize that color lines above the thick black solid line which delimits the satura-
tion cross section that heats up the neutron star to a temperature of 1750 K, whereas the
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FIG. 2. Neutron star apparent temperature due to the dark kinetic heating as function of the dark
matter mass for several values of the scalar and pseudo-scalar mediators. Solid lines correspond to
the neutron star black-body temperature while the pointed line correspond to the upper limit on
spin-independent σχn translated to temperature of the XENON experimental collaboration.
lines below this thick black solid line produce a heat below 1750 K. The precise amount of
heat produced by in the parameter space below the solid black line varies as we will later
on.
The first model represented in the first panel of FIG. 1, which is for a scalar mediator,
can produce a sizable heating of the neutron star up to 1750K for: (i) mχ < 1 GeV and
mφ < 1 TeV;(ii) mχ > 10
7 GeV and mφ ∼ 1 TeV. If future observations can measure neu-
tron stars temperatures down to roughly 1000K, we will be able to determine the presence
of dark matter interactions by finding a plateau in neutron star temperature distribution
at ∼ 103 K. It is remarkable that for mχ < 1 GeV neutron stars will constitute the best
probe for dark matter. A similar conclusion we can drawn for mχ > 10
6 GeV. It is well-
8
known that direct detection experiments will struggle to push their sensitivity below the
neutrino floor [28–31], but with neutron star spectroscopy one can easily overcome this
issue. Already for the scalar mediator case, we conclude that neutron stars can be seen
as potential dark matter detectors capable of probing dark matter beyond the neutrino floor.
We have performed a similar analysis for the case of pseudoscalar mediator and mixing
of scalar and pseudoscalar interactions. These are eye-catching examples of how powerful
neutron star observations can be. Hopefully, with an aggressive progress we will be able to
measure neutron stars temperature down to 1000K to be able to probe dark matter particles
with an impressive sensitivity.
To better understand the relevance of the lines shown in FIG. 1 below the saturation
cross section curves, we displayed in FIG.2 the evolution of the neutron star temperature
as a function of the dark matter and mediator masses. Again, we will focus on the most
conservative setup, which neutron stars are the least sensitive to. Looking at the green
line in the first panel of FIG. 1 which is for mφ = 5000 GeV, we notice that direct detec-
tion experiments will not be able to probe the dark matter model for mχ < 1 GeV and
mχ > 10
4 GeV. Now by glancing at FIG. 2 we notice that the region with mχ < 1 GeV
yields TNS < 500 K, whereas the one with mχ > 10
4 GeV produces TNS ∼ 500 K. As
mentioned earlier, direct detection experiments will have no sensitivity to this region of
parameter space because they wind up in a very small scattering cross section, below the
neutrino floor. Albeit, future neutron observations stand as a hope to eventually probe such
dark matter models. We underscore that such dark matter models with masses above few
TeVs have become object of intensive search at indirect detection experiments [5, 32, 33].
If one does the same exercise for the other two models, the importance of neutron stars
observations will be further strengthened. It is undeniable that future measurements of
neutron stars temperature will represent a new dark matter detection method.
In what follows we will give an astrophysical introduction to the physics of neutron stars
and later detail our calculations.
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NEUTRON STAR TEMPERATURE
Neutron stars arise from the collapse of few solar mass stars, reaching at their birth
temperature as large as ∼ 1011K [24]. Yet their matter is so dense that the degeneracy
pressure is larger than the temperature in all of the star but for a small fraction in the outer
layer. Heat is produced in the core and dissipated into space through the atmosphere, which
imprints its temperature into the radiation, and the cooling process occurs rapidly first in
a neutrino driven phase (for a duration ∼ 104 years) then in a photon driven one at later
times (> 105 years) [34]. Studying the evolution of temperature with time is complicated
and depends on neutron star equation of state, chemical composition, mass, magnetic field
but some qualitative general trends can be summarized. As discussed in [27, 35]at the onset
of photon-dominated cooling process, the temperature T drops exponentially with time (or
at most with a power low T ∝ t−1/α, with α  1 [24]) hence it is likely that in absence
of dark matter heating of neutron stars their temperature may drop below the value of a
thousand Kelvin.
In the collapse process the resulting neutron star acquires a fast rotation, with period
in the range 10−3 to few seconds, and a magnetic dipole. If the magnetic dipole has a
misalignment angle α with the rotation axis, the rotating neutron star will emit an energy
rate E˙ given by
E˙ =
2
3
B2R6NSΩ
4 sin2 α , (10)
being B the value of the magnetic field, RNS the neutron star radius and Ω = 2pi/P
its angular velocity for period P and α the angle between the magnetic and rotational
axis. By equating the emission energy rate to the loss of rotational energy E˙rot = −IΩΩ˙
(I being the moment of inertia) one gets an estimate of the equivalent magnetic field
Beq ' 3.2 × 1019(PP˙ )1/2G, assuming
√
I35/(R
3
6 sinα) = 1, with I35 ≡ I/(1035gr · km2) and
R6 ≡ RNS/(10 km).
For neutron stars seen as pulsar the rotation period P and its time derivative P˙ are well
measured, see e.g. the online catalog [36], enabling a estimate of their age τc
τc ≡ P/(2P˙ ) , (11)
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which is defined as the characteristic age. Still within the assumption that the braking is
entirely due to the electromagnetic emission one can study the derived neutron star emission
rates versus their age to extrapolate at what age they will reach an emission compatible
with a thermal radiation at T ∼ 103 K.
Emission spectra of neutron star are usually complicated and non-thermal, involving
detailed structure of their atmosphere, however they may contain a thermal component
that can dominate in a frequency band and which can then be isolated and measured.
Thermal emission from isolated neutron stars have been first detected by X ray telescopes
HEAO2-Einstein and EXOSAT [37, 38], in the last decades of the twentieth century X-rays
have been effectively used to pinpoint neutron star emission, with ROSAT and ASCA [39],
and the in the optical UV-range with the Hubble Space Telescope. Later Chandra [40, 41]
and XMM-Newton [42] allowed the study of neutron stars with thermal emission in X-rays,
see [43] for a review.
In fig. 3 we give an overview of the status of present knowledge of pulsar observation
and emission. The semi-transparent blue circles show the emission rate assuming that its
completely accounted by the braking of the pulsars versus the age τc defined above. The
horizontal solid lines represent temperatures for thermal emission corresponding to different
wavelength, ranging from X rays to the infrared.
Note the presence in the luminosity versus age plane of two distinct population of neutron
stars, the old ones with high luminosity corresponding to recycled pulsars which have been
span-up due to matter accretion from a companion.
Neutron star luminosity can be better estimated when the bolometric luminosity can be
directly measured, as it happens in few cases taken from [44], and also its age can have a
better estimate than τc when a kinematic determination is possible: observing a neutron
star receding from a galactic center and measuring its velocity is a direct way to compute its
age, when such observation are possible. The kinematic age determination lead consistently
to lower values than τc, implying that the magnetic field also decays in time, causing more
emission at early stages.
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Borrowing the result of the simulation reported in [44] (where predicted thermal emission
rates are shown up to age ∼ 106 years) and extrapolating cooling models to infer the thermal
emission rate (hence the temperature) for older stars, it is plausible that temperature of 103
K or less can be reached due to the rapid fall of temperature at late times.
Note that pulsar observation stops at a luminosity value E˙gy ' 3.5× 1028erg/sec, which
is interpreted in the standard scenario as the condition for the magnetic field and angular
velocity reaching the critical values at roughly constant B/P 2 at which the pulsar emission
mechanism stops and neutron stars enter the graveyard region. After that the spin down
of the neutron star should be negligible but the magnetic field should continue to decrease.
A temperature of ∼ 103 K represents a very small value compared to presently detected
neutron stars temperatures which are in the range of ∼ 107 K, since they have been observed
via their UV and X-ray emission.
To detect thermal radiation at T ∼ 103 K one needs a telescope with sensitivity to
infrared radiation with wavelength λ ' 3µm. In this window fluxes as low as ∼ nJy [45]
can be detected by observatories as the James Webb space telescope [46]. For comparison
the thermal flux FT sourced by a neutron star at distance D from the observer is
FT = σB
(
RNS
D
)2
T 4 ' 6× 10−24 erg
cm2 sec
(
T
103 K
)4(
RNS
10km
)2(
D
1kpc
)−2
, (12)
and considering a detector bandwidth of the same order of the frequency f ' 1014Hz (T/103K),
we are still few order of magnitude short in sensitivity for galactic sources.
METHODS
Interactions
We have considered a set of simplified models including scalar and pseudo-scalar media-
tors. We are interested in exploring new constraints or proves of very light and very heavy
mediators, then simplified scenarios are a good starting point. In equations (13), (14) and
(15) there are three different simplified models for a fermionic dark matter χ and scalar and
pseudo-scalar mediators φ being the equation (14) a mixture.
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FIG. 3. Blue semi-transparent dots are energy emission rate corresponding to the observed neutron
star braking vs. τc defined in eq. (11). It is visible the presence of two populations of neutron
stars, one with larger emission rate for larger ages are recycled pulsars, see text for explanations.
Red circles with error bars represent bolometric luminosity versus kinetic estimate of neutron
star age. Green triangles represent bolometric luminosity versus τc, which can be considered
as an upper limit to the actual neutron star age. Horizontal solid lines, from top to bottom,
represent respectively the energy rate for an equivalent thermal emission with T ' 3× 105Kelvin,
corresponding to the maximum wavelength in the X spectrum (λ = 10−6cm), the second line from
the top T ' 7×103Kelvin (λ = 400nm) corresponding to the UV→ visible transition, then the line
at T ' 4× 103Kelvin (λ = 700nm, visible → IR) and finally the line corresponding to the thermal
emission at T = 103Kelvin (λ ' 3µm). The dashed horizontal line corresponding to luminosity
' 3.5 × 1028 erg/sec denotes the onset of the graveyard region for pulsars. The grey solid lines
delimit the region of thermal emission vs. age according to the model in [44], which turn dashed
in the region we extrapolated at low luminosity, where an exponential luminosity decay with time
L ∝ exp(−t/τ) (power law L ∼ t−4) for the lower (upper) dashed grey line has been used for
definiteness.
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L ⊃ gχ¯χφ+ gq¯qφ (13)
L ⊃ gχ¯χφ+ gq¯γ5qφ (14)
L ⊃ gχ¯γ5χφ+ gq¯γ5qφ (15)
where g is the coupling constant. We will take as a benchmark point g = 1 where other
scenarios can be re-scaled straightforwardly.
In equations (16), (17) and (18) there are the scattering dark matter-neutron cross-
sections for the three cases mentioned above,
σS =
g4
pi
µ2χn
(p2χn −m2φ)2
, (16)
σmix =
g4p2χn
16pim2n
µ2χn
(p2χn −m2φ)2
, (17)
σPS =
g4p4χn
64pim2χm
2
n
µ2χn
(p2χn −m2φ)2
. (18)
Notice that each scenario has a different mχ dependence, and this will lead to a different
neutron star temperature via equations (4) and (8).
We have used then the relation between temperature and the dark matter-neutron cross-
section, σχn, to investigate where our models are excluded or not by future observations of
neutron stars as well as to compare them with the current constraints on mχ imposed by
experiments of direct detection on earth.
Energy Deposition
For a 4-vector of a single particle of rest mass m and velocity v we have,
P µ = (E, ~p) =⇒ P 2µ = m2 = E2 − |~p|2, (19)
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FIG. 4. Schematic diagram of the dark matter-neutron collision in the neutron star frame (left)
and in the center of mass frame (right).
then
E2 = m2 − |~p|2 = m2 −m2v2 = m2(1− v2) = γ2m2. (20)
It is convenient to define the boost factors in terms of energy and momentum once the
velocity of the light is taken to be equal one where,
γ = E/m =
E√
PµP µ
. (21)
On the other hand,
β =
v
c
=
γmv
γmc
=
γmvc
γmc2
=
pc
E
=
p
E
(22)
The dark matter and the nucleon have the initial 4-momentum in the nucleon rest-frame,
P µ1 = (E1, ~p1), P
µ
2 = (E2,~0). (23)
The total 4-momentum of the system reads,
P µT = (E1 +m2, ~p1) =⇒ P µT PTµ = (E1 +m2)− |~p1|2
= m21 +m
2
2 + 2E1m2.
(24)
Therefore, the γ and β factors read,
γ =
ET√
PTµP
µ
T
=
E1 +m2√
m21 +m
2
2 + 2E1m2
, (25)
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FIG. 5. In the figure we show the momenta that is transferred to the neutron by the scattering
with the dark matter particle pχn =
√
2mn∆E where mn is the nucleon mass typically 1 GeV.
From it, we can see that the typical momenta rise pχn ∼ 10 GeV for masses mχ > 20 GeV which
is two order of magnitude larger than the one expected on earth pχn ∼ 10 KeV.
and,
β =
pT
ET
=
γm1v1
E1 +m2
. (26)
It is convenient to work in the center-of-mass frame (CoM) and then use the boost factors
to pass from one frame to the other. Let the prime quantities be the CoM ones, then the
4-momentum of the system in the CoM reads,
P µ2 = (E
′
2, ~p2
′) (27)
The boost of Lorentz yields,
E ′2 = γ(E2 − β|~p2|) = γE2, |~p2′| = γ(|~p2| − βE2) = −γβE2, (28)
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E4 = γ(E
′
2 + βp
′
2cosθ
∗) = γ(E ′2 + β(−γβE2)cosθ∗)
= γ2(1− β2cosθ∗)E2,
(29)
E4 =
(E1 +m2)
2
m21 +m
2
2 + 2E1m2
[
1− (γm1v1)
2
(E1 +m2)2
cosθ∗
]
, (30)
E4 =
E21 +m
2
2 + 2E1m2 − (γm1v1)2cosθ∗
m21 +m
2
2 + 2E1m2
E2, (31)
then with the total energy E1 = γm1 and using the fact that E
2
1 −m21 = |~p1|2 = (γm1v1)2
(relativistic momentum) we can obtain the energy that the dark matter transfer to the
nucleon as the difference of the DM-energies before and after the collision ∆Eχ,
∆Eχ = E4 − E2, (32)
∆E =
γ2m21v
2
1(1− cosθ∗)
m21 +m
2
2 + 2γm1m2
E2. (33)
The total kinetic energy that can be deposited by dark matter is approximately the
kinetic energy at the surface of the neutron star,
Eχ = mχ +Kχ = γmχ −→ Kχ = mχ(γ − 1) (34)
The energy of the incident dark matter particle changes due to the gravitational inter-
actions. We can estimate an effective gamma factor at the surface of the neutron star by
using classical energy conservation,
K∞χ = k
R
χ −
GMmχ
R
, (35)
mχ(γ
∞ − 1) = mχ(γR − 1)− GMmχ
R
, (36)
which implies into,
γR = γ∞ +
GM
R
, (37)
where for a typical neutron star γR = 1.35. The energy that a typical DM particle has at
the surface of a neutron star is,
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ERχ = γ
Rmχ, (38)
which is results into,
ERχ =
(
γ∞ +
GM
R
)
mχ. (39)
Hence, the velocity of the incoming dark matter is in terms of the escape velocity (vesc)
and taking into account the gravitational interactions,
v2χ = v
2
∞ +
2GM
R
= v2∞ + v
2
esc, (40)
where the typical recoil energy of the scattered neutron change to be,
∆E =
γ2m21(v
2
∞ + v
2
esc)(1− cosθ∗)
m21 +m
2
2 + 2γm1m2
E2. (41)
This typical recoil energy was used in the derivation of our numerical results. We high-
light that our phenomenology and numerical finding have an orthogonal approach to others
investigated in the literature [47–49].
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